Human immunodeficiency virus type-1 (HIV-1) is a causative agent of Acquired immunodeficiency syndrome (AIDS), which has affected a large population of the world. Viral envelope glycoprotein (gp120) is an intrinsic protein for HIV-1 to enter into human host cells. Molecular docking guided molecular dynamics (MD) simulation was performed to explore the interaction mechanism of heterobiaryl derivative with gp120. MD simulation result of inhibitor-gp120 complex demonstrated stability. Our MD simulation results are consistent with most of the previous mutational and modeling studies. Inhibitor has an interaction with the CD4 binding region. Van der Waals interaction between inhibitor and Val255, Thr257, Asn425, Met426 and Trp427 were important. This preliminary MD model could be useful in exploiting heterobiaryl-gp120 interaction in greater detail, and will likely to shed lights for further utilization in the development of more potent inhibitors.
Introduction
Human immunodeficiency virus type 1 (HIV-1) infect millions of people worldwide and is the cause of the lethal disease, Acquired Immune Deficiency Syndrome (AIDS).
1-3
Gp120 is an intrinsic protein for viral entry to host cell, which has four domains, distal, proximal, inner and outer. The bridging sheet (β2, β3, β20 and β21) is a part of inner domain. Sequences of gp120 of immunodeficiency viruses identified from different species shows five variable loops (V1-V5). 4 The disulfide bridges are at the bases of the V1-V4 loops, which are exposed to outer environment. 5 It is known that the conformation of gp120 V3 loop changes upon cluster for differentiation 4 (CD4) binding, which expose and/or forms the binding sites for chemokine receptors. The chemokine receptors CCR5 and CXCR4 mediate viral entry to host cell. 6 The viral entry process consists of three steps; first, viral attachment to host CD4 receptor; second, chemokine receptor binding; and third, fusion of virus and host cell, which together presents a number of druggable targets for new drug discovery prior to cellular infection. [7] [8] [9] The first step of viral entry usually consists of attachment of CD4 to HIV-1 envelope glycoprotein, which contains a trimer of dimers of two subunits gp41 and gp120. 10 It is well known that CD4 binds to gp120 with high affinity, 11 and the interaction takes place through the N-terminal extracellular domain of CD4.
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CD4 is a 55-kDa glycoprotein that consists of four extracellular domains called D1-D4, one transmembrane domain, and a cytoplasmic tail. The attachment step is followed by conformational changes, in V3 loop of gp120 that binds to chemokine CXCR4 and CCR5 coreceptors. After conformational changes, gp41 triggers out and fuses the viral and host cell membrane and pours out all the viral material into the host cell cytosol. 13, 14 It has been reported that the stabilization of the first two domain of CD4 (CD4D12)-gp120 complex through interchain disulfide exchange lead to an increase in the efficacy of viral entry inhibition.
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Numerous crystal structures have been reported for the CD4-gp120 complex. [16] [17] [18] [19] [20] [21] [22] It is also well known that this complex consists of a highly conserved interacting cavity. It has been illustrated that for new drug development against HIV-1, CD4-gp120 cavity is a good source. 16, 23 BristolMyer-Squibb (BMS) pharmaceutical has discovered a small molecule inhibitor (BMS-378806) against gp120. 24, 25 Numerous research groups used genetic, biochemical and virus infection based approaches on BMS and related inhibitors to identify their binding location on gp120. 9, 26, 27 Also, number of molecular modeling techniques such as quantitative structure activity relationship (QSAR), docking, and molecular dynamics were used to understand the mechanism of action of inhibitors in the gp120 cavity. [28] [29] [30] [31] Our group is also actively involved into the modeling study of important pharmaceutical drug targets. we performed homology modeling, QSAR, docking and MD simulation techniques to study important drug targets.
32-40
Previously reported BMS-378806 is a prototype of compound of heterobiaryl gp120 inhibitors.
41 BMS-378806 and its analogues are of high interest because of their higher potency and smaller size. Currently used heterobiaryl inhibitors are differed from the BMS-378806 by replacement of azaindole group with the heterobiaryl group. However, it was observed that the certain variations in BMS-378806 substitution pattern of the azaindole and indole ring are tolerated.
In addition to the above mentioned reports, this manuscript contains docking and MD simulation studies of heterobiaryl inhibitor and gp120 as HIV-1 entry inhibitor. Docking studies for the most potent inhibitor was done, and further 50000 ps MD simulation was performed in an explicitly solvated box. MD simulation was performed for the ligand-gp120 to determine the stable binding mode of heterobiaryl inhibitor into the gp120, and also to provide insight into the interaction mechanism of these inhibitors. Long simulation time was chosen for sufficient sampling of occurrence of ligand-gp120 interactions.
Materials and Methods
Preparation of Small Molecular Inhibitor and Protein Structure. The most potent inhibitor (13h) (Figure 1 ), of the dataset 41 was drawn using SYBYL 8.1 42 software package. Minimization was performed with the Tripos force field using 1000 steps of steepest descent algorithm followed by the 1000 steps of conjugate gradient algorithm. The partial atomic charges were applied using Gasteiger-Hückel method. Systematic search on all the rotatable bonds were carried out using 30 rotations. From the ensemble of conformations, a lowest energy conformation was selected for the further docking process. In order to locate the putative binding site of 13h into gp120, docking experiment to the crystal structure of gp120 (4DKR, 1.8 Å) was performed. 22 First, 4DKR was extracted from the brookhaven protein data bank (PDB) and then the co-crystallized ligand was removed using biopolymer module of SYBYL. Then the amide bonds of GLN and ASN were flipped using SYBYL and the resultant structure of gp120 was saved as a PDB coordinates. Flipping of ASN/GLN is useful when dealing with the poorly resolved X-ray crystal structures, in which there are higher chances of incorrect determination of the oxygen and nitrogen atoms. This type of mis-fitting changes both hydrogen-bonding and steric consideration (NH2 occupies more space than the O).
43 Therefore, we flipped ASN/GLN by 180 o using SYBYL biopolymer module.
The gp120 structure was then relaxed by minimizing 1000 steps of steepest descent algorithm followed by 1000 steps of conjugate gradient algorithm with the aim to remove strain from the X-ray structure and subsequently used for further docking and dynamics simulations study.
Molecular Docking of Inhibitor into the gp120. To evaluate the binding modes of heterobiaryl inhibitor into gp120, molecular docking studies were performed using Autodock 4 software package. 44 The non-polar hydrogen atoms of gp120 were merged and only polar hydrogen atoms were kept for docking study using Autodock Tools (ADT). The putative binding pocket for the inhibitor docking in gp120 was defined according to the previously published mutagenesis reports, 9, 26, 45, 46 This site is similar to the cocrystalled ligand binding site on gp120. According to the data from previous mutational studies, Trp427 is an important residue, which is situated in the gp120 cavity, and therefore a center of grid was assigned to C α atom of Trp427. The grid spacing of 0.0375 nm was used with the 50 × 50 × 50 grid points in each dimension. Autodock default parameters were used and 100 independent docking runs were carried out for the 13h. All the rotatable bonds of 13h were set free to rotate inside gp120 during docking simulation. At the end of docking simulation, cluster analysis was performed on all the docked poses. All docking solutions of ligand all-atom root mean square deviation (RMSD) with 0.2 nm of each other were clustered and ranked by the lowest energy. The representative binding mode from docking calculations was selected as a lowest energy cluster. General MD Simulation Setup. All the MD simulations were performed using GROMACS 4.5.3 package 47 and 53a6 GROMOS force field. 48 Topology and coordinates of ligand (13h) was generated using the PRODRG (http://davapc1. bioch.dundee.ac.uk/prodrg/) server. 49 Water molecules were represented by SPC water model. 50 The complex structure was solvated in a cubic box with the consideration of minimum distance between protein and box wall of 1.0 nm. Cubic box containing complex structure was solvated with 21516 water molecules. Using program genion, two chloride atoms were added at points with most favorable electrostatic potential to neutralize the system, resulted in 67648 atoms in the system. The system was energy minimized to remove excessive strain. First, we performed 5000 steps of steepest descent minimization with restraints (with a force constant of 1000 kJ mol
) applied to all atoms. The time step for integrating the equations of motion was 0.002 ps. A cutoff of 1.4 nm was used for van der Waals interactions and a smooth particle mesh Ewald method 51 was used for longrange electrostatic interactions beyond a 0.9 nm cutoff. The neighbor lists were updated every 10 steps. The SETTLE algorithm 52 was used to keep water molecules rigid and the LINCS algorithm 53 was employed to keep all remaining bonds at their equilibrium lengths. The Berendsen coupling algorithm was used to keep constant temperature and pressure conditions throughout the simulations. 54 The pressure coupling constant used was 0.5 ps and the compressibility was set to 4.5 × 10 −5 bar −1 while the heat coupling constant was set to 0.1 ps. There was a separate coupling of solutes and solvent baths. The simulation system was first stabilized for temperature and pressure. A 100 picoseconds (ps) NVT (constant volume and temperature) simulation was performed followed by 100 ps NPT (constant pressure and temperature) simulation. It is necessary to maintain temperature of the system for certain period and then pressure should be calculated. The reason is that the calculation of pressure at low temperature could be inaccurate. Hence, first NVT simulation was performed to stabilize temperature, and later on NPT simulation for 100 ps was performed with 300 K temperature and 1 bar pressure. Also, we checked void spaces after NVT and NPT simulations and found that there were no void spaces. Then, final production run of 50000 ps were invoked for ligand-gp120 complexes by maintaining temperature and pressure.
Results
Molecular Docking Analysis of the Heterobiaryl Inhibitor into gp120. To elucidate the detailed interaction mechanism between heterobiaryl inhibitor and gp120, molecular docking studies were performed using Autodock. A putative binding pocket was defined based on previously published mutagenesis reports. 9, 26, 45, 46 According to these reports, the binding pocket for CD4 as well as small molecular antagonists consist of the Trp112, Thr257, Asp368, Glu370, Ile371, Ser375, Asn425, Met426 and Trp427 residues ( Figure  2 ). The given Autodock protocol was used to generate one hundred docking solutions for 13h into the gp120. The pose was selected based on the lowest energy cluster. One representative binding mode of 13h was selected from the more negative binding energy cluster. Selected binding mode of the 13h is shown in Figures 3. Surrounding 4 Å residues were shown for the clarity. Overlapped binding mode of the 13h (IC 50 = 35 nM) and 4DKR cocrystalled ligand are shown in Supp Info S1. 13h docked into the pocket formed by the residues Trp112, Val255, Thr257, Glu370, Ile371, Ser375, Phe376, Asn377, Phe382, Phe383, Tyr384, Ile424, Asn425, Met426, Trp427, Thr430, Gly473 and Ile475. 13h predominantly interacts through the hydrophobic interactions. 13h identified similar residues as cocrystalled ligand. Careful scrutiny of binding pose shows that the pyrazole ring of 13h is docked deep inside the pocket. 3-methyl-phenyl of 13h was docked into a hydrophobic pocket which was lined by the residues Thr257, Glu370, Phe382, Tyr384, Asn425, Met426 and Trp427. Pyrazole ring of the 13h was found to be docked deep inside the crevice formed by the residues Val255, Thr257, Asn377, Phe382. The benzoyl ring of 13h interacted with Val430, whereas the piperazine interacted with the main chains of Trp427 and Glu429.
MD Simulation Analysis. MD simulation for the selected inhibitor (13h) was done for long duration (50000 ps) using Gromacs software package. Before starting the long duration simulations, it was confirmed that the systems were stabilized for temperature (300 K) and pressure (1 bar) (Supp Info S2). The gp120 backbone atoms RMSD in simulated system was monitored as a function of time and depicted in Figure 4 (a). Protein structure stability during MD simulation was monitored by calculating the potential energy, which is shown in Figure 4(b) . Figure 4 (a) represents the backbone atoms RMSD for gp120 in simulated system. It was observed that in 13h-gp120 system, the protein structure was equilibrated for first 5000 ps and RMSD was found to be continuously rising upto 0.225 nm. After equilibration, the RMSD was gradually decreased upto 20000 ps and again increased and leveled off for the rest of simulation period. The RMSD of the backbone of gp120 was found to bẽ 0.205 nm. The stability of the gp120 structures during MD simulations was monitored through potential energy plot ( Figure  4(b) ) as a function of time. Gromacs utility g_energy was used to calculate the potential energy, total energy and temperature. Figure 4(b) represents the potential energy graphs for the gp120 in simulated system. For the 13h-gp120, potential energy fluctuated between −933428 to −941076 kJ/mol, with an average potential energy of −937578 kJ/mol. From the potential energy graphs it is evident that all the structures are stable and found to be configured in very small energy difference. Pressure and total energy of system were monitored during MD simulation and graphically plotted in Supp Info S3. For the simulated system (13h-gp120), total energy was observed in the range from −764306 kJ/mol to −773445 kJ/mol, with an average of −768914 kJ/mol. From the energy analysis it is evident that the all structures were stable throughout the simulation with very little deviation in energy. Pressure plot denotes that throughout the simulation period average pressure of system was 1 bar.
Root Mean Square Fluctuations (RMSF) Analysis. Temperature of the system (13h-gp120) during 50000 ps simulation was monitored to confirm that the simulation was performed at a constant temperature of 300 K. Time dependent temperature plot of the simulated system was shown in Figure 5 (a). RMSF of gp120 residues were monitored throughout simulations and plotted in Figure 5 (b). MD simulations trajectories were used to elucidate the fluctuation profiles of all the residues in simulated system (13h-gp120) by using Gromacs utility g_rmsf. From the Figure 5(b) , it is evident that the residues near to the missing loop regions have been fluctuated with the more intensity. It has been observed that the α helical regions and β sheets were most stable during long duration simulations, which may be because of intermolecular hydrogen bonding and disulfide bridges. Most of the residues were fluctuated with the intensity less than 0.3 nm. Very few residues were fluctuated with the intensity more than 0.3 nm, which belong to the N-terminal region, Cterminal region, near residues of V1/V2 loop and other loop regions.
RMSDs of the Inhibitors and Radius of Gyration (Rg). All atom RMSDs of the inhibitor was calculated as a function of time and reported in Figure 6(a) . RMSD for the simulated inhibitor was calculated by the mean of g_rms utility of Gromacs. It was observed that the 13h is stable throughout the simulation period with an average RMSD of 0.075 nm. However, it was also noted that the RMSD fluctuated between 0.02 nm to 0.18 nm, which indicates that ligand binds tightly in gp120 cavity. Protein structure stability is measured as a compactness of protein throughout simulation period. Gromacs utility g_gyrate was used to calculate the compactness of protein structure (Rg). Rg of the gp120 in simulated system was calculated and reported in Figure  6 (b). For 13h-gp120 system, Rg of gp120 was decreased upto ~13000 ps, and again rose upto 38000 ps and again slowly decreased afterwards. It indicates that the compactness of gp120 was increased initially and later on slowly diminished, and finally increased after ~38000 ps.
Binding Mode Analysis of the Inhibitor after MD Simulation. Average binding mode of the 13h-gp120 was generated after MD simulation using last 10000 ps trajectory. The obtained structure tends to be crude hence energy minimization was performed to remove bad contacts. 4 Å residues in vicinity of simulated inhibitor were shown for clarity. The MD simulated binding mode for 13h-gp120 has been shown into the Figure 7 . The base of the binding pocket is constructed with hydrophobic residues such as Phe382, Met426, Trp427 and Tyr435, whereas the deep inside pocket sidewall was lined by the Val255, Thr257, Glu370, Ile371, Gly473, Asn474 and Ile475. The opening gate of the pocket was lined by Glu370, Asn425, Met426, Trp427, Gly473 and Ile475 residues. However, the benzoyl part of the 13h was stabilized by outside of the binding pocket lined by the residues Met426, Trp427, Gln428, Glu429 and Val430. 3-methyl phenyl of 13h was stabilized into a hydrophobic pocket of Trp427, Phe382 and Tyr435. However, LenardJones and Columbic interactions between 13h and surround- ing 4 Å gp120 residues were calculated and shown in Table 1 .
Minimum Distances between Inhibitor and Binding Site Residues. Simulated inhibitor interacted through the hydrophobic interactions. So, we calculated the minimum distances between ligands and interacting residues. Gromacs utility g_mindist was used to get the distance between two groups. In MD simulation, it was observed that some of the identified residues during docking study were vanished.
The minimum distances between 13h and gp120 active site residues were calculated as a function of time and plotted in Figure 8 . For most of the residues, the average minimum distances between 13h and the surrounding residues of the active site are less than 0.4 nm. However, for a few of the active site residues the minimum average distance from 13h exceeded 0.4 nm. Residues such as Val255, Thr257, Glu370, Phe382, Asn425, Met427, Thr430, Gly473 and Ile475 were found to have a minimum distance of less than the 0.4 nm throughout the simulation time. However, residues Ile371, Phe382, Gln428 and Asn474 showed more than 0.4 nm average minimum distances from 13h. From this analysis it is evident that the most of the active site residues were closer than the 0.4 nm throughout the simulation. It is obvious that Gln428 and Met426 have variable minimum distances with the 13h because they have side chains facing outside the pocket.
Discussion
In this study we performed docking of heterobiaryl inhibitor into gp120 using Autodock. Docking study was performed with the assumption of rigid receptor and flexible ligand. The limitation of rigid docking is, if the inhibitor changes gp120 structure, such changes cannot be visible in docking calculations. Therefore, identified pose is largely based on the rigid interactions. To overcome this situation, a MD simulation was performed in which both ligand and gp120 are set completely free to interact and there by mimicking the natural environment of drug-protein interaction in vivo. The most potent inhibitor (13h) of the dataset was selected for the binding mode analysis and simulated for 50000 ps. MD simulation results were analyzed, which showed that the 13h-gp120 complex was fairly stable throughout simulation period. Inhibitor RMSD was calculated, which indicated that simulated inhibitor was stable with overall lower RMSD. It was also observed that the 13h-gp120 interactions are mainly hydrophobic in nature. Table 1 show that the calculated Lennard-Jones and Columbic interaction between inhibitor and active site residues. It was observed that Trp427 (−30.14 kJ/mol) shows maximum steric interactions among the other residues. Previously it has been reported that Trp427 is an important residue, and it interacts through the stereo-electronic interactions. 16, 30 Trp427 shows −3.225 kJ/mol electrostatic interaction energy, which indicates it has less electrostatic interactions than steric. Higher steric interactions were noted for the Glu370 (−12.60 kJ/mol), Ile475 Figure 7 . MD simulated average binding mode of the 13h into gp120. Active site residues in the vicinity of 4 Å of 13h were shown in magenta stick, whereas, 13h is shown in violet stick. gp120 is shown in transparent magenta cartoon. 16, 30, 55 The side chain of Met426 is facing outside of the binding cavity and it interacts through the main chain atoms with inhibitor (−10.17 kJ/mol). Higher electrostatic interaction was observed for Asn425 (−14.99 kJ/mol). Side chain of Asn425 is facing towards the gate of binding pocket and may interact electrostatically with pyrazole of inhibitor.
Previous reports stated that Phe43 is an important residue in the interaction between gp120 and CD4 for viral entry into the host cells. 56, 57 Simulated binding mode signifies that 13h penetrated deep into the gp120 crevices with the similar insertion of angle compared to cocrystalled ligand of 4DKR. It also pointed that the use of long duration MD simulation to identify stable binding mode similar to 4DKR cocrystalled ligand (Figure 4(a), 6(a) ). In addition, 13h (IC 50 = 35 nM) shows stable binding mode, which targets the CD4 binding site, but do not show interactions with another hotspot on gp120 (Asp368). However, previous studies also verified that mutation of the binding site residues of BMS-378806 and CD4 of gp120 abolish the binding of BMS-378806 and soluble 4-domain CD4 (sCD4). 16 Other previous studies have shown that BMS-378806 binds in a CD4-binding pocket of the viral gp120 and inhibit viral attachment. 9, 22, 27, 30 Thus, we could assume a similar mode of action for 13h, because 13h have similar scaffold like BMS-378806 and the only difference is that the indole ring is substituted by heterobiaryl. Our results are consistent with the abovementioned reports, indicating that inhibitor binds in CD4-binding region on gp120. However, previous report by Stricher et al., 58 is in contrast with our results, which show that the BMS-378806 does not target Phe43 binding site or CD4 binding area on the gp120. RMSF ( Figure 5(b) ) for gp120 in simulated systems was calculated, which indicated that the near residues of missing V1/V2 and V3 loop has more movement. The bridging sheet (β2, β3, β20 and β21) of gp120 in simulated system was found to be stable. It was also observed that 13h forms close contact (Figure 7 ) with the bridging sheet residues (Asn425, Met426, Trp427 and Thr430). However, current MD simulation study shows that in the presence of ligand in CD4 binding region, such movement of β20/β21 sheet and α-1 helix is forbidden. This observation is consistent with the recently reported gp120 structure in presence of cocrystalled ligand.
22 Calculated Lennard-Jones and Columbic interactions indicates that the ligand-protein interactions are more steric (Trp427, Glu370, Ile475, Val255, Met426, Gly473, Asn474 and Thr257) and less electrostatic (Asn425, Ile475 and Trp427) in nature. Closer van der Walls interactions were observed with the α-1, α-5, β20/β21 sheet, inner domain and outer domain residues.
In summary, heterobiaryl inhibitor appears to be a new class of HIV-1 inhibitors, which could obstruct the CD4-gp120 interaction by specifically targeting the CD4 binding domain on gp120. Current MD simulation result is in agreement with most of the previous mutational and modeling reports. In this study, docking directed MD simulation method was used to identify stable binding mode of the heterobiaryl inhibitor in gp120 cavity.
Conclusion
In this study, binding mode of the heterobiaryl inhibitor (13h) into the gp120 active site was analyzed. Binding mode of the inhibitor was selected from the lowest energy cluster. Further simulation of the ligand-gp120 complex was performed for long duration (50000 ps) to know the interaction mechanism. Average binding mode of the simulated inhibitor was scrutinized, and found a stable binding mode in the simulated system. Our results are in line with most of the previous reports. It was observed that the heterobiaryl inhibitor interacted through the stereo electronic interaction with the gp120 binding site. Calculated Lennard-Jones and Columbic interactions for ligands and active site residues revealed that the van der Waals interactions are crucial for this series of compound. However, Val255, Thr257, Glu370, Asn425, Met426 and Trp427 were found to interact maximally with the inhibitor. RMSF of gp120 shows that the near residues of V1/V2 and V3 loop show more fluctuations as compared to α helices and β sheet region. Backbone RMSDs of gp120 and all atom RMSDs of inhibitor are less than ~0.3 nm, indicating stability of ligand-gp120 complex throughout the simulation.
Our results present an integrated atomic overview of heterobiaryl inhibitors and it may be useful in understanding the in depth mechanism of interactions of this inhibitor with gp120, and assist in rational drug design against viral entry. This preliminary MD model could be useful in exploiting heterobiaryl-gp120 interaction in greater detail, and in shedding lights on interactions that can be further utilized in the development of more potent inhibitors. From this study, it appears that combining docking and MD simulation provides more accurate and informative way to assess ligandgp120 interaction.
